Abstract Repeated acquisition and discrimination reversal tasks are often used to examine behavioral relations of, respectively, learning and cognitive flexibility. Surprisingly, despite their frequent use in cognitive neuroscience and behavioral pharmacology, variables that control performance under these two tasks have not been widely studied. The present studies were conducted to directly investigate the controlling variables in nonhuman primates. Squirrel monkeys were trained with a touchscreen variant of the repeated acquisition task in which a novel pair of S ? /S -stimuli was presented daily. Subjects learned to discriminate the two stimuli (acquisition) and, subsequently, with the contingencies switched (reversal). Results indicate that rates of both acquisition and reversal learning increased across successive sessions, but that rate of reversal learning remained slower than acquisition learning, i.e., more trials were needed for mastery. Subsequent experiments showed this difference between the rate of learning novel discriminations and reversal was reliable for at least 5 days between acquisition and reversal and notwithstanding the interpolation of additional discriminations. Experimental analysis of the S ? /S -elements of the tasks revealed that the difference in the rate of learning could not be attributed to a relatively aversive quality of the S -or to a relatively appetitive quality of the S ? , but, rather, to contextual control by the S ? /S -stimulus complex. Thus, if either element (S ? or S -) of the stimulus complex was replaced by a novel stimulus, the rate of acquisition approximated that expected with a novel stimulus pair. These results improve our understanding of fundamental features of discrimination acquisition and reversal.
Introduction
The ability to effectively discriminate among stimuli in the environment has obvious survival value (e.g., purple berries = nutrition, red berries = poison). Likewise, the cognitive flexibility needed to adapt to changing environmental conditions can be equally critical (e.g., color rules may change in a new berry patch). Such contingency-based capabilities appear to be fundamental across species, and the empirical investigation of their features and underlying neural mechanisms in laboratory animals has been central to understanding basic principles of learning-based performance. In this regard, the repeated acquisition task and discrimination reversal tasks are among the most commonly used assays of learning and cognitive flexibility, respectively.
The repeated acquisition task is used to assay basic behavioral building blocks of discrimination learning. In its typical arrangement, an experimental subject is presented with two concurrently available stimuli-one arbitrarily designated as S ? (responses result in reinforcement) and the other as S -(responses result in timeout). Through trial and error, subjects eventually acquire the discrimination, indicated by exclusive S ? responding, after which another pair of stimuli is presented for discrimination (i.e., repeated acquisition). In seminal work with monkeys, Harlow (1949) discovered a reliable effect-the rate at which a subject acquires such discriminations increases as a function of repeated exposure to the task until very few trials are required to learn the discrimination. He called this phenomenon a learning set. The importance of this finding lies not simply in the observation of an ever-expanding discrimination repertoire of the subject, but also in the identification of higher-order behavioral processes created by cumulative learning histories.
A variant of discrimination learning also has been useful for exploring another behavioral dimension of learning, namely cognitive flexibility, that is, the adaptation of response strategies in the face of changing environmental conditions (Easton 2005; Mackintosh et al. 1968 ). In the discrimination reversal task, the initial phase is identical to the repeated acquisition task, however, after the discrimination is mastered, the designation of S ? and S -switch, that is, after the subject responds reliably to the S ? , and not S -, stimulus, their programmed consequences are reversed. As with initial acquisition, the primary dependent measure is trials to mastery under these new conditions.
Because both tasks involve such fundamental cognitive behavior, the localization of function, neurobiological substrates, and neurochemical signaling involved in learning and flexibility continue to be active topics of investigation. For example, neural network studies in rats and monkeys suggest that the interconnected lateral prefrontal cortex and striatum of the basal ganglia play key roles in discrimination learning by encoding reward and error (e.g., Histed et al. 2009; Knowlton et al. 1996; Lee et al. 2012; Schultz et al. 1997; reviewed in Kehagia et al. 2010) . On the other hand, the orbitofrontal cortex appears to be the primary neural substrate of reversal learning and flexibility, as established through highly selective lesion studies in monkeys and rats (e.g., Butter 1969; Butter et al. 1963; Clarke et al. 2008; Chudasama and Robbins 2003; Fellows and Farah 2003; Iversen and Mishkin 1970; Izquierdo and Murray 2005; Jones and Mishkin 1972; Kim and Ragozzino 2005; reviewed in Chudasama 2011) . Additionally, both learning and flexibility are thought to involve modulation by the monoamine neurotransmitters dopamine (DA) and serotonin (5-hydroxytryptamine ). In this regard, recent studies have shown that overexpression of striatal D 2 receptors disrupts prefrontal function in discrimination learning (Bach et al. 2008 ). Moreover, highly selective depletion of 5-HT, but not DA, from the orbitofrontal cortex has been shown to obstruct reversal learning (Clarke et al. 2004 (Clarke et al. , 2005 (Clarke et al. , 2007 Walker et al. 2009; reviewed in Roberts 2011) . Although the studies above suggest some neurochemical dissociations between learning and flexibility, the available data are not entirely consistent with this view, and others suggest overlap, or complementarity, in the roles of DA and 5-HT systems in these processes (reviewed in Olvera-Cortés et al. 2008 ).
In addition to research to understand neural bases of these behavioral processes, the repeated acquisition and discrimination reversal tasks are also commonly used to determine the effects of psychoactive drugs on learning and cognitive flexibility. Thus, drugs known to have deleterious effects on cognition, for example, the monoaminergic stimulant methamphetamine and the primary psychoactive ingredient in marijuana D
9
-tetrahydrocannabinol produce dose-dependent decrements in the acquisition rate of novel discriminations (Galizio et al. 2009; Kangas and Bergman 2012; Nakamura-Palacios et al. 2000; Winsauer et al. 1999) , whereas other drugs, for example, the attention enhancer methylphenidate, have been shown to increase the rate of discrimination reversals (Handley and Calhoun 1978) . Overall, these assays provide a useful means to assess both the short-term and long-term adverse effects of abused drugs and the safety of novel therapeutics with regard to well-established learning processes.
Surprisingly, despite their common use in cognitive neuroscience and behavioral pharmacology, there is a paucity of research directly examining behavioral mechanisms that are critical to the acquisition of stimulus discrimination and reversal. More specifically, there is no information regarding experimental variables that may guide the development of performance under each task. Thus, the purpose of the present series of experiments was to address this gap by assessing similarities and differences of performance under these assays of learning and cognitive flexibility.
Experiment 1
The purpose of Experiment 1 was to characterize the repeated acquisition and discrimination reversal of visual discriminations with squirrel monkeys using a touchscreen apparatus. Conditions were programmed daily for the subject to learn a novel S ? /S -discrimination using concurrently presented digital photographs, first under repeated acquisition and, subsequently, under conditions of discrimination reversal. The rate at which novel discriminations and reversals were mastered served as the primary dependent variable.
Methods

Subjects
Four experimentally naïve adult male squirrel monkeys (Saimiri sciureus) were individually housed in a temperature-and humidity-controlled vivarium with a 12-h light/ dark cycle (7 am-7 pm). Subjects had unlimited access to water in the home cage and were maintained at approximate free-feeding weights by post-session feedings of a nutritionally balanced diet of high-protein banana-flavored biscuits (Purina Monkey Chow, St. Louis, MO). In addition, fresh fruit and environmental enrichment were provided daily. Experimental sessions were conducted 5 days a week (Monday-Friday). The experimental protocol for the present studies was approved by the Institutional Animal Care and Use Committee at McLean Hospital. Subjects were maintained in a facility licensed by the US Department of Agriculture and in accordance with the guidelines for the care and use of mammals in neuroscience and behavioral research (National Research Council 2003) .
Apparatus
Details, schematics, and photographs of the touch-sensitive experimental chamber can be found in Kangas and Bergman (2012) . Briefly, a custom-built Plexiglas TM chamber measuring 38 cm 9 40 cm 9 60 cm was situated in a custom-built 50 cm 9 60 cm 9 70 cm sound-and lightattenuating enclosure. A 17 00 touch-sensitive screen (1739L, ELO TouchSystems, Menlo Park, CA) was mounted on an inside wall of the enclosure and fit into a 34 cm 9 27 cm cutout in one wall of the chamber. An infusion pump (PHM-100-10, Med Associates, St. Albans, VT) outside the enclosure was used to deliver precise quantities of a milk solution (30 % sweetened condensed milk, 70 % water) into a custom-designed 5 cm 9 3.5 cm 9 1.27 cm Plexiglas receptacle, which contained a shallow well with a circle diameter of 2.5 cm. A speaker bar (NQ576AT, Hewlett-Packard, Palo Alto, CA) mounted to the top of the inside enclosure wall above the screen was used to emit an audible feedback click each time the subject touched a stimulus presented on the screen. All experimental events and data collection were programmed in E-Prime Professional 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA).
Procedure
Repeated acquisition During experimental sessions, subjects were placed within the experimental chamber and were not restrained or restricted in their movement. Each session began with concurrent presentation of two 7 cm 9 7 cm digital photographs, each in a different randomly selected quadrant of the screen. A response to one initiated a 0.15-ml milk delivery (S ? ) paired with an 880-ms yellow screen flash, followed by a 10-s intertrial interval (ITI) blackout, whereas a touch to the other stimulus immediately initiated the 10-s ITI (S -). The same two stimuli were presented during each of 200 trials comprising each session. Subjects were presented with a new S ? /S -pair each session, and photographs for each session were randomly selected from our laboratory bank of [10,000 images. Thus, the subject was required to learn a new S ? /S -discrimination each session based on distinguishing features of two visual stimuli that had not been previously viewed. The primary dependent variable was the number of trials to acquire discrimination; the criterion for mastery was responses to S ? in 9 of 10 consecutive trials. Data for each subject were collected across 30 sessions of the repeated acquisition task.
Discrimination reversal Beginning on Session 31, experimental conditions were altered to incorporate a discrimination reversal task. Under the new conditions, the first 100 trials were conducted exactly as described above. However, on Trial 101, the relationship between S ? and S -was reversed without signal. That is, during Trials 101-200, the stimulus that was initially S ? was made S -, and vice versa. As before, the primary dependent measure was trials to mastery of the new relationship (i.e., number of trials until C 90 % accuracy across 10 consecutive trials was achieved). This discrimination reversal condition was also conducted for 30 sessions.
Results and discussion
The upper panel of Fig. 1 presents the group average for the number of trials required to acquire the discrimination across each of the first 30 successive sessions under the repeated acquisition task. Overall, the rate of acquisition increased across successive sessions until subjects acquired the discrimination quickly each session. This was evident in the number of trials to reach mastery which, as shown in the upper panel of Fig. 1 , decreased steadily until achieving a plateau within approximately the first 20 trials. Group average acquisition data generally represent findings that were consistent among subjects. There was some variability in acquisition rate across subjects, notably during the first 20 sessions but, as the error bars indicate, variance diminished across sessions. These data confirm that squirrel monkeys can effectively learn new discriminations with complex visual stimuli each session, and that the manner in which the rate of acquisition changes across experimental sessions (i.e., learning set) is similar to that observed in traditional approaches with three-dimensional stimuli that are manually presented to the monkey (cf. Harlow 1949; Warren 1965) .
The lower panel of Fig. 1 presents group average data from the first set of discrimination reversal experiments. During sessions in this condition, the S ? /S -contingency was reversed in an unsignaled manner on Trial 101, and this new contingency was in effect from Trial 101 to 200. The filled symbols indicate the number of trials to mastery of the initial discrimination. As shown, novel discriminations continued to be mastered each session at a rapid and stable rate of acquisition. The open symbols represent the number of trials to mastery of the reversal beginning in Trial 101. As the data series indicates, a similar decrease across sessions in the number of trials to mastery of the reversal was observed. However, the rate of reversal learning reached a plateau at approximately 40-50 trials to mastery, which was much slower than observed with initial acquisition (approximately 15-20 trials to mastery). Here again, mean performance was generally representative of the individual subject across the condition. Inspection of within-session responding indicates that some of this difference in trials to mastery can be reliably accounted for by an initial response perseverance to the stimulus that was initially S ? (but now S -) at the onset of reversal for approximately 10 trials, which is not surprising because reversals were unsignaled. Perseverance was typically followed by a longer period of mixed response allocation than was observed in the initial discrimination acquisition (data not shown).
Interestingly, although not investigated or addressed directly, inspection of baseline data in previous studies show similar differences in acquisition and reversal rates with other nonhuman primates, including rhesus macaques (e.g., Porter et al. 2011) , baboons (e.g., Zürcher et al. 2010) , and marmosets (e.g., Spinelli et al. 2004 ). In contrast, several studies with rats and pigeons have demonstrated rapid reversal learning and even some anticipatory errors when reversal occurred at the midpoint of each session (e.g., Rayburn-Reeves et al. 2011 . However, these rapid reversals were observed under conditions in which the same discrimination was reversed daily (red and green stimulus lights), which leaves unclear whether this represents a species difference or a fundamental methodological difference between studies that strictly alternate the same stimuli and those that reverse novel discriminations daily.
Experiment 2
The observed difference in rates of acquisition and reversal raises some interesting considerations. For example, can this difference be attributed to differing learning processes, in agreement with the idea that learning a novel discrimination is fundamentally different than mastering the reversal (e.g., learning vs. cognitive flexibility)? In addition, given the clear evidence of high savings, that is, improved performance across sessions for initial acquisition (i.e., learning set), why did reversal performance not improve to the same degree? Reasonably, the invariability and, therefore, high predictability of daily stimulus reversal at Trial 101, though otherwise unsignaled, might have facilitated the adjustment, especially across numerous successive reversals.
The purpose of Experiment 2 was to assess the reliability of this differential learning rate of acquisition and reversal following two manipulations predicted to weaken the initial learning history prior to reversal. First, we examined several temporal delays between discrimination acquisition and reversal. Second, we examined whether learning additional novel discriminations would affect the rate of reversal of a previously learned discrimination. That is, if reversal mastery requires additional trials because of the strength of the initial discrimination, would the passage of time or learning additional discriminations, which presumably weaken that strength, increase the rate of reversal learning?
Methods
Subjects and apparatus
Same as Experiment 1.
Procedure
To assess the effects of the passage of time on rate of reversal learning, six intervals between the acquisition of a novel discrimination and the reversal of that discrimination were evaluated. The effects of interposing intervals of 0 (immediate unsignaled reversal at Trial 101 as described in Exp 1), 1, 24, 48, 72, and 96 h were determined twice and examined in a random sequence across subjects. The subject spent the intervals longer than 1 h in their home cage located within the facility vivarium. In addition, during the 96-h interval test, in which the novel discrimination was learned on a Monday and reversed on the following Friday, 3 additional novel discriminations were learned, one each day, on Tuesday, Wednesday, and Thursday. This was designed to determine whether learning additional discriminations following initial acquisition might interfere with rates of reversal learning.
Results and discussion
Figure 2 presents the effects of temporal intervals between initial acquisition and reversal. The filled symbols indicate the number of trials to acquisition mastery and the open symbols indicate the number of trials to reversal mastery when assessed following the time interval plotted on the abscissa. As the figure shows, no systematic changes in the rate of reversal were observed following any of the intervals tested, suggesting no effect of the passage of time (i.e., up to 96 h) between learning a discrimination and reversal. No change in reversal rate following the 96-h test suggested that, in addition, the acquisition of 3 novel discriminations during the 3 intervening days produced no decrement or improvement in learning the reversal of the discrimination acquired 96 h earlier. Taken together, these data indicate that the passage of time and the acquisition of additional novel discriminations prior to reversal had no effect on the rate of reversal learning, at least within the time-frame examined. Although one may hypothesize longer intervals of time and/or learning additional discriminations may increase the rate of reversal learning by making the stimuli essentially novel again, no evidence or trend in that direction was observed under the present conditions. On a cautionary note, the present findings do not bear on the related question of whether the features and dimensions of the stimuli that control the discrimination performance can be overshadowed or forgotten. In summary, data from the present experiment indicate considerable stability over time in the difference in the rates of learning a novel discrimination and its reversal.
Experiment 3
Experiments 1 and 2 showed large and reliable differences in the rate of learning a novel discrimination and the rate of reversal. As discussed above, some of this difference can be accounted for by the initial response perseverance to the stimulus that was initially S ? (but now S -) at the onset of reversal. This is not surprising because reversals were unsignaled. What is unclear, however, is why initial perseverance is followed by a longer period of mixed response allocation than was observed in the initial discrimination acquisition. Possibly, at least initially during reversal, the subject responds to what was S ? and/or away from what was S -. That is, the reinforcement history gained during initial discrimination acquisition, in addition to conditioning appetitive properties to the original S ? stimulus, also could have conditioned aversive properties to the original S -stimulus, making responses to that stimulus during reversal difficult (i.e., aversive). Both types of reinforcement history reasonably might contribute to a lower rate of reversal learning. To evaluate this possibility, Experiment 3 was conducted to determine whether the S ? and S -stimulus gained, respectively, conditioned appetitive and aversive properties during initial acquisition. Thus, after acquisition, either S ? or S -was replaced by a novel (i.e., neutral) stimulus for reversal learning.
Methods
Subjects and apparatus
Procedure
Test for conditioned aversive properties of S -Test sessions began with the acquisition of a novel discrimination during Trials 1-100 as described in Experiment 1. However, during discrimination reversal beginning on Trial 101, the stimulus that was S -changed to S ? , but the stimulus that was S ? was replaced by a novel stimulus. This was done to test for potential conditioned aversive properties of the initially S -stimulus. Response allocation during the first 10 trials was scrutinized closely. If S -had gained conditioned aversive properties during initial discrimination acquisition (i.e., first 100 trials), subjects might be expected, at least initially, to respond away from what was S -(now S ? ) and instead respond to the novel (neutral) stimulus. This test was conducted 3 times with each subject.
Test for conditioned appetitive properties of S ?
Test sessions also began with the acquisition of a novel discrimination during Trials 1-100 as described in Experiment 1. However, during the reversal trials beginning on Trial 101, the stimulus that was S ? changed to S -, and the stimulus that was S -was replaced by a novel stimulus. This was designed to test for potential conditioned appetitive properties of the initially S ? stimulus. Again, response allocation during the first 10 trials received close scrutiny. If S ? had gained conditioned appetitive properties during the initial discrimination acquisition (i.e., first 100 trials), subjects might be expected, at least initially, to respond to what was S ? (now S -) despite the fact that the novel (neutral) stimulus was now S
? . This test was also conducted 3 times with each subject.
Results and discussion Figure 3 presents results of tests for conditioned aversive and appetitive properties. The gray bar shows the average number of the first 10 trials in which the subject responded to the novel stimulus during the test for conditioned aversive properties. As discussed above, aversive properties presumably would be reflected in the subject's responding away from that stimulus and, instead, to the novel (neutral) stimulus. However, during these tests, responses to the novel stimulus were not significantly different than chance (two-tailed binomial probability test, p = .36). This split in response allocation, evident in all subjects during the first 10 trials, suggests that the original S -stimulus did not gain strong conditioned aversive properties.
The black bar of Fig. 3 shows the average number of the first 10 trials in which the subject responded to the novel stimulus during the test for conditioned appetitive properties. During these tests, subjects responded to the novel stimulus significantly more than chance (two-tailed binomial probability test, p = .0004). This result, observed in all subjects, was quite surprising. Again, the stimulus that was S ? during discrimination acquisition was made S -and what was S -was replaced by a novel stimulus. As discussed above, responding to what previously was S ? typically perseveres during the early trials after reversal, and was predicted here. The only difference between the present conditions and that of standard discrimination reversal was the replacement of S -with a novel stimulus. Thus, the novel S ? stimulus quickly controlled responding, even though the original S ? stimulus (now S -) was still available.
The results of Experiment 3 do not support the idea that the slower mastery of reversal learning can be attributed to lingering conditioning attributes of the S ? and S -stimuli. Thus, the mixed response allocation observed during the conditioned aversive properties tests indicates that S -was not particularly aversive at the onset of reversal, and, interestingly, the results from the conditioned appetitive properties tests suggest that the appetitive property of the earlier S ? was not apparent when the new S ? was introduced. Yet another interpretation of these data emerges when analyzed using the trials to mastery measures of Experiments 1 and 2. Figure 4 presents the trials to mastery across the 4 conditions of the present series of studies. The first bar shows the average number of trials to acquire a novel discrimination. The second bar shows the average number of trials to mastery following a reversal. The third and fourth bars show the average number of trials to learn the reversal during the conditioned aversive and appetitive tests, respectively. As the figure indicates, regardless of whether S
? was replaced by a novel stimulus (aversive test) or S -was replaced by a novel stimulus (appetitive test) during reversal, the number of trials to master the new Fig. 3 Results of tests for conditioned aversive (gray bar) and appetitive (black bar) properties. Bars show the mean number (±S.E.M.) of the first 10 trials in which the subject responded to the novel stimulus Fig. 4 Mean number of trials (±S.E.M.) to mastery across 4 conditions. The first bar represents trials to acquire a novel discrimination. The second bar represents trials to mastery following a reversal. The third and fourth bars represent trials to learn the reversal during the conditioned aversive and appetitive tests, respectively (**p \ .01) relation were significantly fewer than those needed to master a typical reversal (p = .0019, p = .0017, respectively). Moreover, the number of trials to mastery during the aversive test and appetitive test did not differ significantly from the values for acquiring a novel discrimination each day (p = .11, p = .48, respectively). This suggests that replacing either S ? or S -with a novel stimulus essentially makes the discrimination a new problem. From another perspective, these data indicate that the subject does not simply associate either or both the S ? or S -through trial-and-error conditioning, with responding thereafter to or away from individual stimuli. Rather, as changing either element (S ? or S -) makes the stimulus pair functionally novel, the subject must be responding to the integrated ''stimulus complex.'' Thus, contextual stimulus control plays a critical role, at least in regard to the ease with which the new discrimination is mastered.
General discussion
The present series of studies systematically replicated repeated acquisition effects using a modern touchscreen variant of the task (cf. Harlow 1949; Warren 1965) . In these studies, the rate of acquisition increased across successive sessions, confirming the development over time of what may be described as a learning set. During discrimination reversal sessions in which the stimulus designation of S ? and S -switched, the rate of reversal learning also increased; however, acquisition after reversal was slower, i.e., more trials were needed to master the discrimination. This difference in the rate of learning novel discriminations and reversals was reliable across time and following interposed distractions. Although the rate differences between acquisition and reversal may provide some suggestive evidence that different neural systems are involved (as reviewed above), neural activity was not measured here precluding definitive conclusions.
Evaluation of the S ? /S -elements of the tasks revealed that S -was not particularly aversive following initial discrimination acquisition, nor was S ? particularly appetitive. That is, subjects did not specifically respond to S ? or away from S -. Rather, subsequent analyses showed that if either element (S ? or S -) of the stimulus complex was replaced by a novel stimulus, the rate of acquisition approximated that of a novel stimulus pair. Thus, contextual stimulus control appeared to govern responses in the presence of the integrated S ? /S -stimulus complex. Taken together, these studies indicate that the behavioral mechanisms of discrimination learning and reversal involve contextual stimulus control of an integrative relationship between S ? and S -rather than control by specific elements of a stimulus.
